Seasonal changes in numerous aspects of mammalian immune function arise as a result of the annual variation in environmental day length (photoperiod), but it is not known if absolute photoperiod or relative change in photoperiod drives these changes. This experiment tested the hypothesis that an individual's history of exposure to day length determines immune responses to ambiguous, intermediate-duration day lengths. Immunological (blood leukocytes, delayed-type hypersensitivity reactions [DTH]), reproductive, and adrenocortical responses were assessed in adult Siberian hamsters (Phodopus sungorus) that had been raised initially in categorically long (15-h light/day; 15L) or short (9L) photoperiods and were subsequently transferred to 1 of 7 cardinal experimental photoperiods between 9L and 15L, inclusive. Initial photoperiod history interacted with contemporary experimental photoperiods to determine reproductive responses: 11L, 12L, and 13L caused gonadal regression in hamsters previously exposed to 15L, but elicited growth in hamsters previously in 9L. In hamsters with a 15L photoperiod history, photoperiods ≤ 11L elicited sustained enhancement of DTH responses, whereas in hamsters with a 9L photoperiod history, DTH responses were largely unaffected by increases in day length. Enhancement and suppression of blood leukocyte concentrations occurred at 13L in hamsters with photoperiod histories of 15L and 9L, respectively; however, prior exposure to 9L imparted marked hysteresis effects, which suppressed baseline leukocyte concentrations. Cortisol concentrations were only enhanced in 15L hamsters transferred to 9L and, in common with DTH, were unaffected by photoperiod treatments in hamsters with a 9L photoperiod history. Photoperiod history acquired in adulthood impacts immune responses to photoperiod, but manifests in a markedly dissimilar fashion as compared to the reproductive system. Prior photoperiod exposure has an enduring impact on the ability of the immune system to respond to subsequent changes in day length.
The annual change in day length (photoperiod) cues seasonal physiological adaptations in nature (Goldman, 2001) . Siberian hamsters (Phodopus sungorus) are typical of many small rodents in their ability to respond to changes in day length with anticipatory physiological adaptations. For example, in the laboratory, short, winter-like photoperiods (e.g., <13 h of light per day; 13L) trigger gonadal regression and anestrus (Gorman and Zucker, 1998) ; in nature, inhibition of reproduction by photoperiod has been argued to be adaptive because it limits breeding to the fraction of the year when energetic conditions are most permissive for successful reproduction (Prendergast et al., 2009) . Seasonal changes in numerous aspects of immune function have also been described in reproductively photoperiodic (Nelson and Demas, 1996) and nonphotoperiodic rodents . In Siberian hamsters, short days attenuate sickness behaviors (Bilbo et al., 2002b) and enhance lymphocyte blastogenesis (Yellon et al., 1999) ; circulating leukocyte concentrations, and T cell-dependent skin inflammatory responses (delayed-type hypersensitivity [DTH] responses) are greater in hamsters exposed to short days relative to those housed under long days, as are circulating concentrations of cortisol (Bilbo et al., 2002a) . Other immune responses (e.g., primary and secondary antibody responses) are suppressed in short days (Drazen et al., 2000; Hadley et al., 2002) . In common with photoperiodic responses in the reproductive system, immunological responses to photoperiod rely on the generation and entrainment of the circadian rhythm in nocturnal melatonin secretion (Gatien et al., 2005; Wen et al., 2007) . The majority of diseases exhibit seasonal changes in prevalence, and the adaptive significance of seasonal changes in immune function has been argued to lie both in the anticipation of seasonally specific pathogens and in the attenuation of energetically costly immune responses at times of year when energetic resources are scarce (Nelson and Demas, 1996; Nelson, 2004) .
Long (≥15L) and short (≤10L) photoperiods are customarily used in a categorical manner in laboratory studies of photoperiodism (Gorman and Zucker, 1998) . In nature, however, animals are often exposed to a range of gradually increasing and decreasing photoperiods over the course of the annual cycle. Seasonal reproductive responses do not require exposure to very long or short day lengths (Gorman and Zucker, 1995a) , but instead manifest in response to intermediate duration photoperiods (12L-14L) in a manner that is influenced by antecedent day lengths.
Thus, a given intermediate photoperiod (e.g., 13L) elicits gonadal regression if preceded by longer days, or gonadal growth if preceded by shorter days (Duncan et al., 1985; Hoffman and Illnerova, 1986) . Responses to intermediate day lengths and melatonin in this context allows appropriate seasonal responses through extrapolation of information about the direction of change in day length at times of year when photoperiods are intermediate (and therefore ambiguous) in duration.
It is not clear if the immune system, in common with the reproductive system, likewise relies on photoperiod history to engage seasonal phenotypic change. With few exceptions, effects of photoperiod on the immune system have been evaluated using only a few categorically long and short photoperiods, which presumably lie well above and below putative critical day lengths for eliciting reproductive responses. Postnatal exposure to 14L inhibited reproductive development in Siberian hamsters gestated in 16L, and accelerated development in those gestated in 8L; however, gestational photoperiod history alone was without effect on the immune system as evaluated in a broad array of assays, including leukocyte phenotypes, primary antibody responses, and DTH skin inflammatory responses (Prendergast et al., 2004a) . The absence of clear effects of prenatal photoperiod history on immune function may reflect an inability of the photoperiod-responsive immune system to be impacted by any antecedent photoperiod information. Alternatively, 1) the intermediate photoperiod used (14L), while adequate to probe photoperiod history effects in the reproductive system, may lie sufficiently above or below the critical day length for triggering short-day immune responses (i.e., 14L is a categorical long or short day length for the immune system, thereby impervious to photoperiod history effects); or 2) maternal communication of photoperiod history cannot impact the immune system, but photoperiod history acquired by an individual in adulthood is still capable of affecting immunological responses to intermediate photoperiods. Either of these alternatives compels rejection of the hypothesis that photoperiod history does not affect immune responses to intermediate photoperiods.
This experiment tested the hypothesis that photoperiod history information acquired during adulthood influences immune responses to intermediate day lengths. Adult hamsters were exposed to categorically long (15L) or short (9L) photoperiods for intervals sufficient to impart photoperiod histories (Prendergast et al., 2000) , and then were transferred to one of several intermediate photoperiods, representing all cardinal photoperiods between 9L and 15L, inclusive. This range of photoperiods allowed titration of the critical day lengths for induction of photoperiodic responses in the reproductive and immune systems. To compare reproductive and immune responses to changing photoperiods, pairwise comparisons among data were complemented by multiple regressions with higher order contrasts. Blood leukocyte and cortisol concentrations were determined and hamsters were challenged with a novel antigen to assess memory T cell-dependent DTH responses.
MATERIALS AND METHODS
Animals. Male Siberian hamsters (Phodopus sungorus) were obtained from a breeding colony maintained on a light/dark cycle of 15L:9D (15L; lights-off at 1800 h CST). Hamster pups were weaned at 18 to 20 days of age and housed 1 to 4 per cage with samesex siblings in polypropylene cages (28 × 17 × 12 cm) on wood shaving bedding (Harlan Sani-Chips, Harlan Inc., Indianapolis, IN). Ambient temperature of all experimental rooms was 20 ± 0.5 °C; relative humidity was maintained at 53 ± 2%. Food (Teklad Rodent Diet 8604, Harlan Inc.) and filtered tap water were provided ad libitum. Cotton nesting material was constantly available in the cage. All procedures conformed to the USDA Guidelines for the Care and Use of Laboratory Animals and were approved by the Institutional Animal Care and Use Committee (IACUC) of the University of Chicago. Photoperiod treatments. At the time of weaning, hamsters were transferred to a 9L:15D photoperiod (lights-off at 1800 h CST; n = 70) or remained in their natal 15L photoperiod (n = 69). These initial photoperiod treatments ("initial" photoperiods) were maintained until hamsters reached adulthood (60-90 days of age), an interval that exceeds the duration of photoperiod exposure necessary and sufficient to impart a photoperiodic history that determines the reproductive response to intermediate day lengths (Prendergast et al., 2000) . Following confirmation of reproductive responsiveness to initial photoperiods, hamsters from both postweaning photoperiods were transferred on week 0 to 1 of 7 photoperiods: 9L, 10L, 11L, 12L, 13L, 14L, or 15L ("experimental" photoperiods) for the remainder of the experiment. For all photoperiods, the time of lights-off remained constant (1800 h CST) to facilitate entrainment . Testis volumes were determined at 3-week intervals between week 0 and week 12 (see the "Reproductive measurements" section, below). On week 12 blood samples were obtained for leukocyte and endocrine measures, and during weeks 13-15 skin immune function was assessed. In the text, photoperiod treatments are designated with a concatenated abbreviation consisting of [initial photoperiod] → [experimental photoperiod] (e.g., 15L → 13L).
Locomotor activity. Between weeks 6 and 12, home cage activity data were collected using passive infrared motion detectors (Coral Plus, Visonic, Bloomfield, CT) positioned 22 cm above the cage floor. Motion detectors registered activity when 3 of 27 zones were crossed. Activity triggered closure of an electronic relay, which was recorded by a PC running ClockLab software (Actimetrics, Evanston, IL).
The timing of activity was analyzed using ClockLab software according to methods described by Evans et al. (2004) . In brief, a 24-h histogram was produced for each hamster by averaging activity counts in 5-min bins over a 7-to 10-day window between weeks 6 and 8. For each histogram, activity onset was defined as the point in the activity profile after 1400 h with average counts exceeding the daily overall mean level and sustained above the daily mean for at least 30 min. Activity offset was defined as the last point that exceeded the 24 h mean for 30 min ending up to 2 h after light onset. Activity offset was defined as the last time point exceeding this threshold. The duration of daily activity, a, was calculated as the interval between activity onset and activity offset (Evans et al., 2004) .
Within all populations of Siberian hamsters there exist individuals that fail to entrain to decreasing photoperiods with species-typical expansion of nocturnal locomotor activity (a) and a corresponding expansion of nocturnal melatonin secretion and gonadal regression (Prendergast et al., 2001) . Instead, such "nonresponder" (NR) hamsters exhibit large negative phase angles of entrainment and compressed a values in short days (typically <6 h in a 16-h scotophase; Puchalski and Lynch, 1986) . Because reproductive and immunological responses to photoperiod are dependent on photoperiod-driven changes in melatonin (Carter and Goldman, 1983; Wen et al., 2007) , we sought to exclude NR hamsters from this study. The absence of complete gonadal regression would be inadequate to identify NRs, because intermediate degrees of gonadal regression reflect normal responses to intermediate photoperiods (Duncan et al., 1985; Prendergast et al., 2000) , thus NR hamsters were identified via abnormal entrainment to experimental photoperiods Prendergast and Freeman, 1999) : individuals with a values that were >2 SD from the population mean a for a given photoperiod treatment. NR hamsters were excluded from all analyses.
Reproductive measurements. Hamsters were weighed weekly, and estimated testis volumes (ETVs) were determined on weeks 0, 3, 6, and 12. ETVs were obtained by measuring the length and width of the left testis through the scrotal skin with analog calipers while under light isoflurane anesthesia. In hamsters, ETV is positively correlated with testis weight, circulating testosterone, and spermatogenesis (Gorman and Zucker, 1995b; Schlatt et al., 1995) .
Immune assays. Among the numerous and diverse measures of immune function affected by photoperiod in this species, we selected blood leukocyte concentrations and skin DTH reactions (see below) because these measures 1) exhibit high-amplitude changes following transfer from categorically long to short photoperiods, and 2) encompass a range of immune function, from the omnibus (blood leukocytes) to the highly specific (DTH) (Nelson and Prendergast, 2002) . DTH reactions involve a rapid deployment of leukocytes out of the blood and infiltration into the epidermis and dermis (Dhabhar, 2000) , where they provide defense against pathogens. This is a standard in vivo measure of T cellmediated immunity (Turk, 1980) . Blood collection. On week 12, blood samples (500 mL) were collected 4 to 5 h before lights-off under light anesthesia from the right retroorbital sinus using heparinized Natelson collection tubes. Blood collections were performed in pseudo-random order, in a room separate from the general animal colonies, and following the procedure, hamsters were separated from the colony until all blood collections for the day were completed. Animal handling during the blood collection was kept to a minimum (<1 min). Following blood collection, hamsters were administered 0.5 mL of sterile 0.9% saline s.c. for rehydration. Blood samples were deposited into heparinized (50 units) microcentrifuge tubes, mixed gently, and a 25-mL aliquot of whole heparinized blood was removed for leukocyte determination. The remainder of the blood sample was kept on ice for <1 h and was centrifuged at 300 g for 30 min at 4 °C. Plasma was extracted and stored at −80 °C until assayed for cortisol.
Leukocyte counts. Leukocyte counts from a 25-μL aliquot of the whole blood sample were obtained by hemolysis with 3% acetic acid at a 1:20 dilution, and enumeration in duplicate on a hemacytometer at 400× magnification by an experimenter blind to treatment conditions. Lysed blood samples were kept at room temperature for <3 h before leukocyte counts were determined. Although distinct leukocyte subtypes are not identifiable with this method, this procedure reliably identifies photoperiod-and stress-induced changes in total leukocyte number in this, and other, rodent species (Bilbo et al., 2002a; Dhabhar et al., 1995; Wen et al., 2007) . In studies of photoperiodic regulation of hamster leukocytogenesis, total leukocyte counts correlate positively with photoperiodic changes in specific leukocyte subtypes, including total lymphocytes, T cells, and NK cells (Bilbo et al., 2002a; Prendergast et al., 2004a Prendergast et al., , 2004b Wen et al., 2007) . The measure therefore provides for this species an omnibus indicator of treatment effects on the capacity for immunosurveillance in the blood (Dhabhar et al., 1995) .
Induction of DTH reactions. DTH skin inflammatory responses were induced by application of the antigen 2,4-dinitro-1-fluorobenzene (DNFB; Sigma, St. Louis, MO) to the pinnae of each hamster after initial immunization ("sensitization") by application of DNFB to the dorsum (Bilbo et al., 2002a) . Sensitization was induced and DTH elicited as follows: on week 13, all hamsters (DNFB naïve) were anesthetized with isoflurane vapor, and an area of 2 × 3 cm was shaved on the dorsum. Twenty-five microliters of DNFB (0.5% [wt/vol] in 4:1, acetone/olive oil vehicle) was applied to the dorsal skin on 2 consecutive days. Six days later, baseline thickness of both pinnae was measured in lightly anesthetized hamsters prior to induction of DTH by using a constant-loading dial micrometer (Mitutoyo, Tokyo, Japan). Immediately after baseline pinna measurements were obtained, 20 mL of DNFB (0.2% [wt/vol] in 4:1, acetone/olive oil) was applied to the skin of the dorsal surface of the right pinna. Left pinnae were treated with vehicle. Pinna thickness was measured every 24 h for the next 7 days. All measurements were performed by the same experimenter who was blind to treatment conditions. Pinna thickness values obtained on each day following challenge were expressed as a percentage of baseline thickness for statistical calculations. All DNFB treatments and pinna measurements were performed between 1400 and 1500 h, and all measurements were made on the same relative region of the pinna. This regimen of sensitization and challenge uses concentrations of DNFB that differ from those used in rats (Dhabhar and McEwen, 1999) , but have been optimized for use in Siberian hamsters (Bilbo et al., 2002a) .
Cortisol. Cortisol was measured from 100 μL of plasma in a single EIA (Correlate-EIA; Assay Designs, Ann Arbor, MI) that has been validated for this species (Demas et al., 2004) according to the manufacturer's instructions. The cortisol EIA had a sensitivity of <57 pg/mL, an intra-assay coefficient of variation (CV) of <10.5%, and an interassay CV of <8.6%.
Testis weights. Hamsters were euthanized via inhalation of CO 2 on week 15. Paired testis weight (PTW) for each hamster was determined to ±0.1 mg at autopsy.
Statistics. Raw data were analyzed using a 2 (initial postweaning photoperiod) × 7 (photoperiods from 9L to 15L, inclusive) factorial ANOVA. For longitudinal measures (testis size, DTH), a 2 × 7 repeated-measures ANOVA design was used. Pairwise comparisons were conducted using Fisher's PLSD tests, where appropriate and warranted by a significant F-statistic.
To characterize the manner in which initial and experimental photoperiods affected reproduction and immune function, multiple regressions were performed on week 12 ETV values, week 12 blood leukocyte concentrations, day +1 and day +2 DTH responses, and cortisol concentrations. The 2 initial photoperiods were contrast coded, and orthogonal polynomial contrast codes were assigned for each of the 7 experimental photoperiods to represent linear, quadratic, and cubic effects. Significant correlations following contrast coding allow identification of whether the effect of increasing experimental photoperiods can be characterized by a linear, quadratic, or cubic function, and therefore allow insight into whether initial and experimental photoperiods affect reproduction and immune function in a similar manner. Multiple regression correlations (MRC) were then used to identify significant main effects for each photoperiod interval (initial, experimental) as specified by each polynomial code, as well as for interaction effects between initial and experimental photoperiods. All data are presented as mean values with SEM. For all analyses, differences were considered significant if p ≤ 0.05.
RESULTS
Reproductive responses to initial photoperiods. On week 0, testis sizes of all hamsters initially exposed to 9L were undeveloped (<200 mm 3 ) and were significantly smaller than those of hamsters that were initially in 15L (15L: 714 ± 28 mm 3 ; 9L: 99 + 2 mm 3 ; F 1,120 = 484, p < 0.0001).
Locomotor activity in experimental photoperiods.
Following transfer from initial to experimental photoperiods on week 0, the majority of hamsters entrained to the experimental photoperiods with locomotor activity onset occurring around the time of dark onset, and an interval of sustained activity encompassing most of the dark phase (see Supplementary Online Material, Fig. S1 ).
Among these hamsters, the timing of the onset of activity relative to lights-off did not vary according to initial postweaning photoperiod (F 1,104 = 3.6, p > 0.05) or experimental photoperiod (F 6,104 = 1.9, p > 0.05; Fig.  1A) . In contrast, a values varied systematically as a function of both initial (F 1,104 = 4.3, p < 0.05) and experimental (F 6,104 = 112.1, p < 0.0001) photoperiod treatments ( Fig. 1B) . Mean values for a in each photoperiod are shown in Figure 1 .
A total of 17 hamsters were identified as "nonresponders" based on a values that were >2 SD below the mean a values in each photoperiod (9L: n = 2; 10L: n = 3; 11L: n = 3; 12L: n = 2; 13L: n = 4; 14L: n = 2; 15L: n = 1; Supplementary Online Material, Fig.  S2 ); this proportion (17 of 139; 12%) is within a range predicted from meta-analyses of the incidence of nonresponsiveness in this species . Because nonresponders were few (n ≤ 3 per photoperiod group), no powerful statistical inferences could be made based on these individuals, and they were excluded from all subsequent analyses. Final sample sizes for each initial → experimental treatment group are indicated in Figure 2 .
Reproductive responses to experimental photoperiods. Both initial (F 1,105 = 113.1, p < 0.0001) and experimental (F 61,105 = 44.2, p < 0.0001) photoperiods affected history of 9L, day lengths of 11L through 15L elicited significant gonadal growth (p ≤ 0.01 vs. 9L→9L controls, all comparisons), although testes of 9L→11L, 9L→ 12L, and 9L→13L groups weighed less than those of 9L→15L hamsters (p < 0.05, all comparisons).
In experimental photoperiods of 11L, 12L, and 13L, PTW of hamsters with a photoperiod history of 9L were significantly greater than those of hamsters with a photoperiod history of 15L (p < 0.0001, all comparisons).
Blood leukocytes. Initial (F 1,107 = 7.5, p < 0.0001) and experimental (F 6,107 = 85.2, p < 0.0001) photoperiods each affected blood leukocyte concentrations, but no interaction was evident (F 6,107 = 0.7, p > 0.6; Fig. 3 ). Among hamsters initially in 15L, transfer to 14L tended to increase leukocyte concentrations (p = 0.09), and transfer to photoperiods <14L resulted in significant increases in blood leukocyte concentrations relative to 15L-15L controls (p < 0.005, all comparisons). Among hamsters initially in 9L, transfer to 10L or 11L did not yield a decrease in leukocyte concentrations, transfer to 12L tended to decrease leukocyte counts (p = 0.09), and transfer to photoperiods of 13L or greater caused significant decreases in leukocyte counts (p < 0.05, all comparisons). Within each experimental photoperiod, leukocyte concentrations were lower in hamsters with a photoperiod history of 9L relative to those with prior exposure to 15L (p < 0.05, all comparisons).
DTH responses.
There was a significant main effect of the experimental photoperiod on the overall magnitude of DTH responses (F 6,105 = 3.8, p < 0.005), and an interaction between experimental photoperiod and postchallenge day (F 36,630 = 2.2, p < 0.0001), but there was no effect of photoperiod history on the response to experimental day lengths (F 6,105 = 0.9, p > 0.4; Fig. 4 ). In none of the 7 experimental photoperiods was the pattern of DTH affected by initial photoperiod (p > 0.05, all comparisons). Among hamsters initially in 15L, the overall DTH response was enhanced in 11L (p < 0.001), 10L (p < 0.05), and 9L (p < 0.01) relative to 15L→15L (Fig. 4A) ; whereas among hamsters with a photoperiod history of 9L, the overall DTH response was not significantly affected by any of the experimental photoperiods (p > 0.05, all comparisons; Fig. 4B ).
reproductive responses to experimental photoperiods; initial and experimental photoperiod treatments also interacted to affect testis sizes (F 1,105 = 113, p < 0.0001; F 18,315 = 4.76, p < 0.0001; Fig. 2) . Hamsters initially in 15L exhibited gonadal regression following transfer to photoperiods of 13 or fewer hours of light per day (p < 0.0001, all comparisons; Fig. 2A ). In contrast, hamsters initially in 9L exhibited gonadal growth in response to photoperiods providing 11 or more hours of light per day (p < 0.0001, all comparisons; Fig. 2B ). The rate of gonadal growth varied among photoperiods greater than 10L: the most rapid growth was evident in 9L→15L hamsters (p < 0.005 vs. 9L→10L, 9L→11L, 9L→12L, 9L→13L, all comparisons). Hamsters transferred from 9L to either 14L or 13L exhibited a monotonic pattern of gonadal growth between weeks 3 and 12, whereas growth only began after week 6 in 9L→12L and 9L→11L hamsters.
Analyses of testis weight (PTW) revealed similar main effects (initial: F 1,105 = 73.8, p < 0.0001; experimental: F 6,105 = 49.4, p < 0.0001) and interaction effects (F 6,105 = 5.6, p < 0.0001) between initial and experimental photoperiod treatments (Fig. 2C) . Among hamsters with a photoperiod history of 15L, experimental day lengths of 9L through 13L, inclusive, each elicited significant gonadal regression (p < 0.0001 vs. 15L→15L controls, all comparisons). PTWs were comparable among 15L→13L, 15L→12L, 15L→11L, 15L→10L, and 15L→9L groups (p > 0.05, all comparisons). Among hamsters with a photoperiod Pairwise comparisons on individual days postchallenge indicated that hamsters with a photoperiod history of 15L exhibited significant increases in ear inflammation following transfer to 11L, 10L, and 9L (p < 0.05 vs. 15L→15L, all comparisons) on day +1 (Fig. 4C ) and day +2 (Fig. 4D ). Enhancement of DTH in 15L→11L and 15L→9L persisted through day +4. In marked contrast, hamsters with a photoperiod history of 9L exhibited suppression of the DTH response only following transfer to 15L, and only on day +1 (p < 0.05 vs. 9L→9L). Again, in none of the 7 experimental photoperiods was there an effect of initial photoperiod on DTH (p > 0.05, all 7 days, all pairwise comparisons). Last, ears treated with the vehicle did not exhibit significant inflammation on any day postchallenge (data not shown).
Cortisol. Experimental photoperiods (F 6,104 = 2.3, p < 0.05) affected cortisol responses, but initial photoperiod was without effect on this measure (F 1,104 = 3.7, p > 0.05), and there was no interaction between initial and experimental photoperiods (F 6,104 = 1.4, p > 0.2; Fig. 5 ). Hamsters with a 15L photoperiod history exhibited a significant increase in cortisol following transfer to 9L (p < 0.05). Among hamsters with a 9L photoperiod history, none of the experimental photoperiods resulted in significant changes in cortisol concentrations (p > 0.10 vs. 9L→9L, all comparisons). Initial photoperiod did not affect cortisol concentrations in any of the 7 experimental photoperiods (p > 0.05, all comparisons).
Responses to experimental day lengths: linear, quadratic, and cubic contrasts. Multiple regressions indicated significant simple effects of initial photoperiod (|t| = 4.96, p < 0.0001) on week 12 testis size, such that hamsters with a 9L photoperiod history, on average, had larger week 12 ETV relative to those with a 15L photoperiod history. Significant effects of linear (|t| =15.5, p < 0.0001), quadratic (|t| = 2.89, p < 0.0048), and cubic (|t| = 2.65, p < 0.0093) contrasts on the pattern of ETV responses to experimental photoperiod were also evident, and these effects were qualified by interactions between initial and experimental photoperiods (initial × linear: |t| = 1.84, p < 0.069; initial × quadratic: |t| = 4.47, p < 0.0001; initial × cubic: |t| = 2.19, p < 0.031), indicating that the manner in which linear, quadratic, or cubic functions explain the pattern of ETV responses to increasing experimental photoperiods depends on the initial photoperiod treatment (Fig. 6A, B ). Among hamsters initially in 15L, there were significant effects of linear (|t| = 10.0, p < 0.0001) and quadratic (|t| = 5.39, p < 0.0001) contrasts, but the cubic contrast was not significant (|t| = 0.33; p > 0.74); in contrast, among hamsters initially in 9L, there were significant effects of linear (|t| = 11.9, p < 0.0001) and cubic (|t| = 3.36, p < 0.0015) contrasts, but the quadratic (|t| = 1.08, p > 0.28) was not significant (Fig. 6A) . For blood leukocytes, multiple regression analyses indicated a significant simple effect of initial photoperiod (|t| = 9.18, p < 0.0001; Fig. 6C, D) ; hamsters initially in 15L had significantly greater concentrations of blood leukocytes relative to those initially in 9L.
Significant effects of the linear contrast were evident in the overall analysis (|t| = 6.25, p < 0.0001), indicating that leukocyte concentrations decreased in a linear fashion with increasing photoperiod, but the quadratic and cubic contrasts were not significant (|t| < 0.93, p > 0.35, both comparisons), nor were any interaction effects (|t| < 1.43, p > 0.15, all comparisons).
Regression analyses were performed on day +1 and day +2 DTH because these were the 2 postchallenge days on which significant effects of photoperiod were detected. On day +1, no effect of initial photoperiod history was evident (|t| > 0.39, p > 0.68); the linear contrast was significant (|t| = 3.78, p < 0.0004), but neither the higher order simple contrasts (|t| < 1.88, p > 0.06, both comparisons) nor the interaction contrasts (|t| < 1.82, p > 0.07) were significant (data not depicted in Fig. 6 ). A similar outcome was obtained on day +2, at the peak of the DTH response ( Fig. 6E) : overall photoperiod history effects were absent (|t| < 0.23, p > 0.81), and the linear contrast was significant (|t| = 2.95, p < 0.004), but the quadratic and cubic contrasts were not (|t| < 0.94, p > 0.34, both comparisons). The significant linear effect of experimental day length on peak (day +2) DTH was qualified by an interaction effect of photoperiod history (|t| = 1.92, p = 0.057): there was a strongly significant linear effect of photoperiod on DTH of hamsters initially in 15L (|t| = 3.66, p < 0.0005; Fig. 6F ), but no effect was evident in hamsters with a 9L photoperiod history (|t| < 0.69, p > 0.49; Fig. 6F ).
The effect of initial photoperiod on plasma cortisol concentrations was marginally significant (|t| = 1.94, p = 0.05), and the linear contrast was significant (|t| = 2.63, p < 0.0099), but the higher order contrasts (|t| < 1.30, p > 0.19, both comparisons) and the interaction contrasts (|t| < 0.76, p > 0.46, all comparisons) were not significant (Fig. 6G, H) .
DISCUSSION
This experiment investigated whether photoperiod history impacts immunological responses to changes in day length in a manner similar to the well-established effects of photoperiod history described in the reproductive system. In adult male hamsters, antecedent day lengths determined reproductive responses to a range of experimental intermediate photoperiods: day lengths from 11L to 13L were responded to as reproductively inhibitory by hamsters with a long-day photoperiod history of 15L, but stimulated reproductive development in hamsters with a short-day history of 9L. Photoperiod history did not affect phase angles of entrainment to any experimental photoperiods, and did not affect circadian a in any photoperiod except 10L. Because the duration of circadian a is proportional to the duration of nocturnal melatonin secretion (Elliott and Tamarkin, 1994; Yellon and Truong, 1998) , we may reasonably infer from records of locomotor activity that pineal melatonin secretion-the neuroendocrine representation of photoperiod for the reproductive and immune systems-was comparable in nearly all groups of hamsters within a given experimental photoperiod ( Fig. 1) , with the exception of 10L in which a was shorter in 15L-10L vs. 9L-10L hamsters. However, mean a exceeded 13 h in both 15L-10L and 9L-10L hamsters, and these groups were comparable in all reproductive, immunological, and endocrine measures. Although hamsters initially in 9L had been in short days for a prolonged (>20 weeks) interval, photorefractoriness had not yet occurred, as evidenced by sustained involuted gonads in 9L→9L hamsters on week 12. These data replicate and extend prior work demonstrating that photoperiod history dictates reproductive responses to intermediate day lengths by altering the response to intermediate-duration melatonin signals (Duncan et al., 1985; Prendergast et al., 2000) .
The present data indicate that photoperiod history effects are also evident in the immune system. In all 7 experimental photoperiods, blood leukocyte concentrations were lower in hamsters with a short-day relative to a long-day photoperiod history (Bilbo et al., 2002a) . In a strict sense, this can be interpreted as a photoperiod history effect, but one that manifests itself categorically differently than in the reproductive system. In this case, photoperiod history imparted hysteresis effects, altering the baseline values from which experimental photoperiods subsequently exerted their effects. The marked similarity in the linear effects of photoperiod change on leukocyte concentrations resulted in this measure of immunity responding primarily to photoperiod change, rather than to absolute photoperiod duration (Fig. 6C, D) . Photoperiod history did not alter the critical day length for this measure; indeed, the threshold day lengths for enhancement (in hamsters initially in 15L) and suppression (in hamsters initially in 9L) of blood leukocytes were identical, 13L. It is not known why (from an ecological perspective) or how (from a mechanistic perspective) blood leukocyte concentrations respond primarily to direction of change in photoperiod over absolute photoperiod.
In common with blood leukocyte concentrations, DTH responses were augmented by experimental short-day photoperiods (compare with Bilbo et al., 2002a) . In hamsters initially in 15L, day lengths shorter than 12L enhanced DTH. In contrast, among hamsters initially in 9L, DTH was marginally attenuated by increases in day length, but this only occurred in 15L, and was only evident on day +1. Although the ANOVA did not indicate a significant effect of initial photoperiod on DTH, there was a significant interaction between initial and experimental photoperiods. Moreover, there was a significant linear effect of photoperiod on DTH in 15L→ hamsters, but no such effect was evident in 9L→ hamsters, and there was an interaction between initial and experimental photoperiods on the linear regression ( Fig. 6 ). Thus, whereas 15L hamsters exhibited a markedly linear DTH response to decreasing photoperiod, hamsters with a 9L photoperiod history were resistant to any subsequent photoperiodic modulation of DTH. Again, this is interpreted as evidence of a photoperiod history effect, but one that manifests as an elimination of the ability of longer days to suppress DTH in hamsters with a 9L history, rather than a shift in the critical day length for induction of the longand short-day phenotypes in this trait. This effect resembles an earlier report in which hamsters receiving prenatal and brief postnatal exposure to 8L were resistant to suppression of DTH by adult exposure to 16L (Weil et al., 2006) .
Together, the data indicate that prior photoperiod history affects leukocyte and DTH responses to photoperiod, and thereby compel rejection of the hypothesis that photoperiod history information is not retained by the immune system. However, a "photoperiodic memory," formally similar to that which impacts hamster seasonal reproductive responses by shifting the critical day length (Hoffman, 1982; Prendergast et al., 2000) , does not adequately characterize immunological photoperiod history effects. Rather, in the immune system, antecedent day lengths either 1) alter the baseline values against which contemporary day lengths subsequently affect the trait (blood leukocytes), or 2) impart hysteresis effects that markedly attenuate responsiveness to subsequent photoperiod manipulations (DTH responses).
Earlier work indicated that photoperiod history information acquired in utero did not affect adult immune responses to intermediate photoperiods (Prendergast et al., 2004a) . Hamsters housed postnatally in 14L exhibited long-day-like blood leukocyte phenotypes and DTH responses, independent of whether they were gestated in 16L or 8L photoperiods (Prendergast et al., 2004a) . The effects of photoperiod history on immune function identified in the present report evidently are not communicated to offspring in utero. However, perinatal photoperiods have been reported to engage select changes in immune function: hamsters exposed to 8L from early gestation through weaning exhibited greater DTH responses as adults relative to hamsters that were gestated and reared in 16L, independent of postweaning photoperiod (Weil et al., 2006) . Such enduring effects of exposure to short days are also evident in adult hamsters, however (Prendergast et al., 2004b) . In the interpretation of photoperiod history effects, it is important to differentiate between hysteresis effects of prior photoperiod exposure and latent effects of photoperiod that are only revealed when animals are challenged with ambiguous (intermediate) day lengths. The present report permits the inference that antecedent information acquired exclusively in adulthood does not impact the response to intermediate photoperiods by the immune system in a manner similar to that of the reproductive system, but rather imparts hysteresis effects or renders the immune response largely unresponsive to changes in photoperiod.
Immunological photoperiodism is commonly investigated in adult animals following transfer from a natal long-day photoperiod into a categorically short (≤10L) photoperiod (Nelson, 2004; Prendergast et al., 2009) . The present data indicate that the immunomodulatory consequences of transfer from long to short days occur at day lengths substantially greater than 10L, and in a trait-specific manner: 11L was sufficient to fully impart the short-day phenotype in DTH responses, and exposure to 13L yielded leukocyte counts that were comparable to those of hamsters housed in 9L. Thus, categorically short days are not required to instate photoperiodic enhancements of immune function. Moreover, photoperiodic changes in immunity do not occur at a uniform threshold day length, but rather occur in a trait-specific manner across a range of day lengths. In nature, as day lengths decrease from the summer solstice, one would predict that seasonal immunoenhancement of blood leukocyte concentrations would precede changes in skin immune function.
This study provides a novel quantitative analysis of the effect of photoperiod history on the response to experimental day lengths. Multiple regression analyses indicated significant linear effects of increasing experimental photoperiod, which obtained independent of photoperiod history for most dependent variables, except DTH. However, higher order effects were evident only in the reproductive system, further distinguishing reproductive from immunological responses to photoperiod (Prendergast et al., 2008) , but also suggesting that photoperiod history introduces an asymmetry in the effect of photoperiod change on the reproductive system. There was a strong quadratic effect of experimental photoperiod in hamsters initially in 15L, indicating that as day lengths decrease from 15L, there is a nonlinear acceleration in the impact of photoperiod change on testis size, which reaches an asymptote after 13L. In contrast, only the cubic effect was significant for hamsters initially in 9L, indicating that stimulatory responses to increasing photoperiods are best characterized by a step function, with no response to 10L, progressive increases in 11L through 14L, and an asymptote after 14L. The mechanisms that introduce this asymmetric response to photoperiod change are not known, but presumably lie in the melatonin-responsive reproductive neuroendocrine system, and are absent in the immune system.
This study also permits insights into the role of 2 major endocrine mechanisms that have been proposed to participate in photoperiodic changes in immune function: adrenal glucocorticoids and gonadal steroids. Cortisol was largely unaffected by intermediate photoperiods; only 15L→9L hamsters exhibited a significant increase in cortisol (compare with Bilbo et al., 2002a) . Conflicting results have been reported on the effects of categorically long and short days on circulating cortisol in this species (Bilbo and Nelson, 2003; Weil et al., 2007; Yellon, 2007; Zysling and Demas, 2007) . Nevertheless, in hamsters with a history of 15L, photoperiod enhanced DTH and blood leukocytes, respectively, at photoperiods 2 h and 4 h longer than those required to increase plasma cortisol. Although these observations are only correlational, they are consistent with the hypothesis that a marked change in cortisol production is not necessary to mediate effects of photoperiod on these immune measures.
Both gonadal hormone-dependent and gonadal hormone-independent processes contribute to the short-day enhancement of blood leukocytes (Prendergast et al., 2008) , but DTH responses are unaffected by photoperiodic changes in gonadal hormone secretion (Prendergast et al., 2005) . Testis size is a reliable proxy for circulating testosterone in this species (Schlatt et al., 1995) . In the present study, leukocytes followed a gonadal hormone-dependent pattern in hamsters with a history of 15L exposure to 13L was sufficient to trigger both gonadal regression and increases in leukocyte numbers-but not in hamsters with a history of 9L. In 9L→ hamsters, transfer to photoperiods sufficient to induce substantial gonadal growth (11L, 12L) was without effect on leukocyte concentrations, indicating that activation of gonadal activity is not sufficient to impart a long-day-like immunophenotype in this trait. A history of exposure to elevated testosterone in 15L→ hamsters may render the immune system more responsive to changes in circulating gonadal steroids. Also, in 15L→ hamsters, DTH was only enhanced in photoperiods ≤11L, consistent with a gonadal hormone-independent effects of photoperiod reported previously for this measure of immune function (Prendergast et al., 2005) .
In conclusion, photoperiod history effects were evident in both reproductive and immunological responses to experimental photoperiod change. In the reproductive system, photoperiod history shifted the threshold day length for induction of the longand short-day phenotypes and introduced asymmetric, nonlinear responses to incremental photoperiod change. In the immune system, in contrast, photoperiod history effects manifest as a change in the baseline values against which photoperiod caused linear enhancement or suppression of leukocyte concentrations, and a categorical attenuation of DTH responsiveness to photoperiod. Although reproductive and immunological responses to photoperiod share formal similarities, the reproductive and immune systems appear to rely on prior photoperiod information in fundamentally different ways.
